Introduction
It is widely recognized that lead (Pb) is harmful to the development of cognitive functions of children at much lower exposure levels than have been believed to be safe. Although the Center for Disease Control and Prevention (CDC), USA, set a blood lead (BPb) level of 10 μg dL -1 as a "level of concern" in 1991, 1 adverse effects were apparent among children with a BPb level at around 3 μg dL -1 . 2 Meta-analyses indicated the absence of a threshold of BPb below which no adverse effect on cognitive functions can be observed. 3, 4 Source apportionment of Pb contamination of children is of considerable importance for effective risk management. The sources of Pb exposure in children have been apparent in regions of the world where leaded-gasoline and/or leaded-paint were used; in other words, therefore, it was rather easier to control Pb contamination. However, in Japan, these apparent sources have not been present in the environment of children since 1975 when leaded-gasoline ban was achieved earliest in the world. Japanese people have not been exposed to Pb in residential paint because they do not have a custom to paint their residence. Therefore, the BPb level of Japanese children (1.55 ± 0.85 μg dL -1 ) 5 is considered to be among the lowest in the world; however, the identification of Pb source(s) for Japanese children is still necessary to further lower the exposure level.
The lead isotope ratio of environmental and biological samples can be an effective measure for source apportionment of contamination, and it has been applied to childhood Pb poisoning studies. [6] [7] [8] In these studies, thermal ionization mass spectrometry (TIMS) was used, and paint and gasoline were indicated as sources in those days. Multi-collector ICP mass spectrometry (MC-ICPMS) is known to possess excellent precision of isotope measurement, as TIMS does, and it can potentially be applied to the childhood Pb issue as well. Since ICP is a superior ion source, efficient ionization is possible, even when multiple elements are present in the ion source. This unique feature of MC-ICPMS allows for isotope ratio measurements with external standardization for an instrumental mass discrimination correction. In previous studies, Pb isotope ratio measurements with Tl external standardization have been used. [9] [10] [11] However, the deleterious effects of the matrix element on the isotope ratios measurement were observed in previous reports 10, [12] [13] [14] [15] as well. Environmental and biological samples, such as soil, house dust, diet and blood samples contain a wide variety of matrix elements (i.e., Ca, Na, Al and Fe). In this study, we examined the effect of matrix elements on the Pb isotope ratio measurement by MC-ICPMS. We also preliminarily applied it to the source apportionment of BPb of Japanese children.
Experimental

Reagents and standard solutions
All of the sample preparations and measurements were carried out in a class-1000 clean room. Purified water, prepared using a Milli-Q system (Millipore acids were purchased from Tama Chemicals Co. Ltd. (Kawasaki) and perchloric acid (HClO4, analytical grade for toxic metal) was from Wako Pure Chemical Co. Ltd. (Osaka). Bioaccessibility test solutions prepared from glycine (0.4 mol L -1 , Analytical Grade, Kanto Chemical, Tokyo) and 0.1 mol L -1 ammonium acetate buffer (GR for analysis, Merck, Germany) were purified by a chelate disc (3M, USA) before use.
Certified reference material (CRM) SRM 981 natural Pb isotopic standard and SRM 997 Tl isotopic standard from the National Institute of Standards and Technology (NIST), USA, were dissolved in nitric acid and used for checking the accuracy of Pb isotope ratio measurements, and for instrumental mass discrimination corrections ( 205 Tl/ 203 Tl = 2.3871), respectively. The mass discrimination correction method is described in detail in a later section. Standard solutions of Na, Ca, Al and Fe for atomic absorption spectrometry (1000 mg L -1 , Kanto Chemicals Co. Ltd.) were used as matrix elements.
Experiment for effect of the matrix element
We prepared 10 μg kg -1 NIST SRM 981 standard solutions containing 0, 1, 10, 50, 100 and 200 mg kg -1 of either one of the matrix elements (i.e., Na, Ca, Al or Fe); then the Pb isotope ratios ( Pb) were measured to examine if matrix elements affect the measurement accuracy. Solutions containing the matrix element but Pb (matrix-blank) were measured to correct the potential contamination of Pb from the matrix element standard solutions. The Pb levels in matrix-blank solutions were less than 1% of the Pb in the SRM 981 standard solution. Pure Pb isotopic standard solutions were measured between the matrix-blank and the standard solutions with matrix elements.
Samples of source apportionment study
Blood samples were obtained from two Japanese children (7 year-old boy and 8 year-old girl). Blood samples were digested with HNO3 by the double digestion bomb method. 16 The BPb concentration was 3.1 and 1.0 μg dL -1 , respectively. Soil, indoor dust, outdoor dust and duplicate diet were collected from the home environments of the two children. 17 The soil, indoor dust and diet samples were extracted by a procedure for bioaccessibility tests using a 0.4 mol L -1 glycine solution at pH 1.5. 18 The outdoor dust samples were digested using HNO3/HClO4/HF, because whole particles of the dust were assumed to be incorporated in human alveolar cells. A variety of CRMs, i.e., NIST SRM 2709 San Joiquin Soil, NIST SRM 2711 Montana Soil, NIES CRM NO. 27 Typical Japanese Diet (National Institute for Environmental Studies, Japan) and Seronorm TM Trace Elements Whole Blood L-1 (Sero, Norway), were used for quality control of the Pb isotope ratio and the concentration measurements.
Lead purification
Lead was separated from the matrices of extracts of soil and indoor dust, and that of digest of blood by bromide-complexation, followed by anion-exchange chromatography (AG1-X8, 100 -200 mesh, Bio-Rad) according to Matsumoto et al. 19 for isotope ratio measurements by MC-ICPMS. Lead was eluted with 6 mol L -1 HCl, which was then evaporated to dryness and re-dissolved in 0.15 mol L -1 HNO3. Lead in diet extract was separated by a chelate resin column (NOBIAS PB-1, Hitachi High-Technologies, Japan). This chelate resin is made of copolymer of divinylbenzene/methacrylate, which has ethlylenediamine triacetic acid and iminodiacetic acid moieties. 20 Since the major matrix of the diet is alkali and alkali earth elements, which are efficiently removable with this resin, chelate resin was considered to be sufficient to separate Pb from the diet matrix. After conditioning the column, the sample solution of which the pH was adjusted to ~6 with acetate buffer was loaded on the column, and Pb was eluted with 1 mol L -1 HNO3. The eluate was evaporated to dryness and re-dissolved in diluted HNO3.
Instruments
The isotope ratios of Pb were measured using an IsoProbe (Thermo Fisher Scientific, MA) equipped with an Aridus II membrane desolvation system (CETAC, Omaha, USA). This MC-ICPMS is equipped with nine Farady cups and other types of detectors (Channeltrons and Daly detectors). The instrumental conditions and collector configurations are described in Table 1 
where Ri and ri denote the corrected and measured ratios for element i. M208 is the atomic mass of 208 Pb; β is mass bias factor,
We assume that 
In addition to Tl,
202
Hg was monitored for correcting any 204 Hg interference on 204 Pb. Lead concentrations were measured using an ICP quadrupole mass spectrometer (ICP-QMS, Agilent 7500ce, Tokyo, Japan), and were used to evaluate the recovery of Pb from the analytical separation techniques described in the previous section. An ICP atomic emission spectrometer (ICP-AES, ICAP-750 Nippon Jarrell-Ash, Kyoto, Japan) was used for the determining Al, Ba, Ca, Cr, Cu, Fe, K, Mg, Mn, Mo, Na, Ni, P, S, Si, Sr, Ti, V and Zn in the purified samples to evaluate the elimination of matrix elements.
Results and Discussion
Performance of MC-ICPMS for isotope ratio measurements of the Pb standard solution
The mean values of the Pb isotope ratios for NIST SRM 981 measured in this study and certified values are given in These results demonstrated that the MC-ICPMS with Tl external standardization allowed for accurate isotope ratio measurements of a pure standard solution at a comparable level with TIMS. 21 Rehkamper and Mezger also reported accurate isotope ratio measurements of the Pb standard solution with IsoProbe. 9 Figure 1 shows the Pb isotope ratios in solutions of NIST SRM 981 that contained matrix elements at concentrations 0 -200 mg kg -1 . The results showed that the matrix elements in sample solutions affected the accuracy of the Pb isotope ratio measurement by MC-ICPMS, as described in detail in the following section.
Effect of the matrix element on Pb isotope ratio measurements
Effect on precision
As the concentration of matrix elements increases, the precision of the Pb isotope ratios became worse (Fig. 1) . Especially, the precision of the Pb isotope ratio in a solution with the Al matrix was strongly affected. Figure 2 shows the signal intensity of Pb in the Fe matrix. The signal intensity of Pb was decreased by the matrix element. This result for the Fe matrix was similar to those for the other matrix elements (Al, Ca and Na). The decrement of the precision with increasing matrix element concentration was at least partly attributable to a decrease in the signal intensity due to the matrix effect, which is a well-known phenomenon in ICPMS. The decrease of the signal intensity could be attributed to an ionization interference and/or space-charge effect. Figure 3 shows the relationship between the signal intensity and the RSD of the Pb isotope ratio for both a pure Pb standard solution and a Pb standard solution with the matrix elements. This figure, except for the Al case, demonstrated that the relationship between the signal intensity and the RSD of the measurement of standard solution with the matrix element was consistent with that of the pure standard solution (Fig. 3b) . It indicated that in the cases of Ca, Na and Fe, the effect on the precision of the isotope ratio measurements could be explained by the decrease in the Pb signal intensity due to the co-existing matrix. On the other hand, in the case of the Al matrix, the relationship was different from that of the pure standard solution. It indicated that the Al matrix had other unknown effect(s) that worsened the precision of the Pb isotope ratio measurement (Fig. 3a) .
It was noted that the signal intensity of the Pb with 1 mg kg -1 of the matrix elements increased relative to the pure standard solution (Fig. 2) . The signal intensity enhancement under the presence of a small amount of the matrix element was also observed in previous studies. Barling and Weis found that the Pb and Tl intensity increased when the matrix/Pb molar ratio was 5 and 50. 12 Fontaine et al. found that the Nd intensity increased when 1 -5 mg kg -1 of Ho was present. 13 This signal enhancement may be attributed to a decrease in the Ar charge density by the matrix element, which enables a greater proportion of Pb and Tl ions to enter the central region of the ion beam, as suggested by Barling and Weis. 12 
Effect on bias
As shown in Fig. 1 Pb) were variable. The bias for Fe was minimal across the matrix concentration range examined ( Fig. 1(b) ). On the other hand, the bias was greater for Al. At the highest Al concentration, the isotope ratio was considerably elevated (Fig. 1(a) ). In addition, the Pb isotope ratios with 10 mg kg -1 of Al were significantly different from those in the pure standard solution. The Pb isotope ratios gradually decreased as the matrix Ca concentration increased up to 100 mg kg -1 , but the trend turned to the reversed direction at the highest Ca concentration (Fig. 1(c) ). The decrease of the Pb isotope ratios was consistent across the Na matrix concentration range ( Fig. 1(d) ). This variety of bias in the Pb isotope ratios resulted from the different responses of the crude Pb and Tl isotope ratios toward the matrix element/concentration.
The effects of the matrix element on the Pb isotope ratios measured by MC-ICPMS in the previous literature are summarized in Table 3 . This table indicates that the magnitude and direction in the bias of the Pb isotope ratios measured by MC-ICPMS under the presence of the matrix element might not be instrument-dependent, since there was no apparent tendency for e.g. the employment of collision cell or double focusing for resolution.
The reason(s) why (1) the response of crude Tl and Pb isotope ratio was different (Al, Ca and Na) and (2) the effect was different from matrix element to matrix element in this study are not clear at present. It can be said that the observed biases were not dependent on the atomic weight of the matrix element, nor were they explainable by the space-charge effect. Reuer et al. indicated that salt deposition in the nebulizer and/or sampling and skimmer cones was the reason. 15 However, our experiment did not support this explanation, because the isotope ratios of Pb in a pure NIST SRM 981 solution introduced soon after that with the matrix element at even the highest concentration (200 mg kg -1 ) was consistent with the certified value (data not shown).
Some of the previous studies demonstrated that there was no significant effect on the analytical performance of MC-ICPMS when the total ion concentration was less than 400 or 700 mg kg -1 , 22, 23 and thus was more robust than TIMS. In this study, however, the results shown above demonstrated that the matrix elements in the sample solutions affected the accuracy of the Pb isotope ratio measurement by MC-ICPMS. We found that the co-existing matrix elements from environmental and biological samples have to be less than 10 mg kg -1 in order to avoid any matrix effects. In the case of Al, the concentration should be less than 1 mg kg -1 .
Lead separation from blood and environmental samples
The recovery of Pb in environmental and biological samples after chelate (diet) or anion exchange (soil, indoor dust, blood) separations ranged from 90 to 104% (Table 4) , which was considered to be satisfactory.
The total concentration of the matrix elements in sample solutions of soil, indoor dust, outdoor dust and blood, separated by anion-exchange resin, was less than 10 mg kg -1 (sum of detection limits) and the Al concentration was less than 1 mg kg -1 . This result indicated that the anion-exchange method efficiently removed any matrix element in environmental and biological samples for Pb isotope ratio analysis. The sample solution of diet separated by chelate resin, however, contained phosphorus (P) at 150 and 270 mg kg -1 in spite of our expectation that the chelate resin would efficiently remove the matrix of the diet sample. This was probably because phosphate precipitated at the pH for separation (5.5), which was then trapped physically on the resin, and elution with nitric acid recovered P in the sample solution. Since the diet samples in this study contained Pb at only 0.004 and 0.006 mg kg -1 dry weight, the residual P in elution became problematic. In a separated experiment, the Pb isotope ratios were found not to be affected by up to 100 mg kg -1 of P; however, when the P concentration was 200 mg kg -1 , the Pb isotope ratios decreased by 0.3, 0.1 and 0.2% for 206 Pb/ 204 Pb, 207 Pb/ 206 Pb and 208 Pb/ 206 Pb, respectively. The bias was the same level when the P contained 300 mg kg -1 . Based on this experimental result, the isotope ratios in diet samples were mathematically corrected for the bias by the factor obtained in the experiment. In the case of one of the diet samples, since the solution contained 150 mg kg -1 of P, the bias was assumed to be 0.15% for 206 Pb/ 204 Pb, and this bias was added to the original isotope ratio. It is advisable to separate Pb by the anion-exchange method for diet samples as well.
Comparison of isotope ratios of Pb in CRMs with those in previous studies
Isotope ratios of Pb in environmental and biological CRMs, measured after digestion and Pb separation, agreed well with the reported values (Table 5 ) demonstrating the reliability of the Pb isotope ratio measurement of this study. Since the Pb isotope ratios of blood reference material have not been reported previously, they could not be compared with literature data.
Lead isotope ratios of blood and home environment of children
The sample preparation and MC-ICPMS analysis of the Pb isotope ratios examined in this study was preliminarily applied to source identification of Pb in Japanese children. The lead isotope ratios of soil, indoor dust, duplicate diet and blood of children are shown in Fig. 4 . The lead isotope ratios of outdoor dust were measured, but they are excluded in Fig. 4 , because its contribution was estimated to be less than 1% of the total Pb exposure in Japanese children, as estimated in previous reports. 25, 26 The lead isotope ratios of home-environment samples were significantly different from each other. The isotope ratios of Pb in soil samples were distributed between those of uncontaminated Japanese soil (0.8431 ± 0.0039, 2.098 ± 0.005 and 0.05524 ± 0.0006 for 207 27 and those of contaminated surface soil of urban playgrounds (0.8626 ± 0.006 and 28 Indoor dust samples had higher isotope ratios than did soil and diet samples.
In the case of a 7 year-old boy, the isotope ratios of BPb matched well with those of indoor dust (Fig. 4(1) ), indicating that indoor dust contributed most to the BPb. In the case of an 8 year-old girl, those of BPb distributed among indoor dust, soil and diet (Fig. 4(2) ). The isotopic data indicated that diet/soil and indoor dust/soil (that had the nearest isotope ratio as indoor dust) contributed by approximately 50% each. Since this child spent most of her time indoors according to the interview to her caretaker, it was estimated that indoor dust might have contributed more than did soil.
The result of this preliminary case study was consistent with our previous estimation, 26 which indicated that indoor dust significantly contributed to Pb exposure in Japanese children. In the USA, indoor dust contaminated with leaded paint chips was identified as being the major source of Pb in children. 29, 30 It must be mentioned, however, that leaded paint has not been used in residences (ceilings and walls) in Japan like in the USA. Our finding suggested the presence of other source of Pb in indoor dust, and it will carry importance in future risk assessment and management in Japan. However, these isotopic results are still preliminary, and apparently we need to accumulate more data.
Although the Pb isotope ratios of blood and indoor dust were very similar in the 7-year-old boy's case, 207 Pb/ 206 Pb and 204 Pb/ 206 Pb of blood sample were higher than any other environmental sample. This implies that there was another source of Pb in this child which had higher 207 Pb/ 206 Pb and 204 Pb/ 206 Pb ratios. We may need to further seek for other potential Pb source(s) in the home environments of Japanese children.
Conclusions
Multi-collector ICPMS allowed accurate isotope ratio measurements of a Pb standard solution; however, the presence of matrix elements in the sample solution significantly deteriorated the accuracy. The space charge effect and/or ionization interference, which resulted in decreased signal intensity, was found to be the cause of deteriorated precision, except for the Al matrix. The reason(s) for the bias due to the presence of the matrix element is still unclear. The co-existing element in a sample solution at less than 10 mg kg -1 was found to be tolerable. The separation of Pb from a matrix with bromide-complexation, followed by anion-exchange, was satisfactory in terms of the recovery of Pb and the separation efficiency of the matrix, therefore, accurate Pb isotope ratio measurements were possible for biological and environmental samples. Future isotope analysis on well-characterized samples, prepared to minimize the effect of matrix elements, will contribute to the assessment and management of health risks due to environmental Pb exposure of children.
